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Microtubules, membranes and cytokinesis
Aaron F. Straight and Christine M. Field
Proper division of the cell requires coordination
between chromosome segregation by the mitotic
spindle and cleavage of the cell by the cytokinetic
apparatus. Interactions between the mitotic spindle,
the contractile ring and the plasma membrane ensure
that the cleavage furrow is properly placed between the
segregating chromosomes and that new
membrane compartments are formed to produce two
daughter cells. The microtubule midzone is able to
stimulate the cortex of the cell to ensure proper
ingression and completion of the cleavage furrow.
Specialized microtubule structures are responsible for
directing membrane vesicles to the site of cell
cleavage, and vesicle fusion is required for the proper
completion of cytokinesis.
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Introduction
Cytokinesis is the physical process that divides a cell in
two after the completion of mitosis. In most eukaryotic
cells, cytokinesis is accomplished by the assembly of an
actomyosin ring that contracts to divide the cell midway
between the poles of the mitotic spindle. Despite
differences among organisms in the execution of cytokine-
sis, the underlying mechanisms are highly conserved.
Actin and myosin play important, if not essential, roles in
the cleavage of eukaryotic cells, and the mitotic spindle
coordinates the segregation of chromosomes with the site
of division.
Cytokinesis in animal cells can be divided into four stages.
First, the cell chooses the site of division during the
process known as cleavage plane specification or cleavage
site selection. Second, cleavage furrow assembly is charac-
terized by protein recruitment to the site of cell division.
Third, ingression or contraction of the cleavage furrow
introduces membrane barriers separating the cytoplasm of
the daughter cells. Finally, the cleavage furrow seals the
membrane compartments forming two new cells in the
process of completion or abscission. How the cell tempo-
rally and spatially coordinates changes in the microtubule
cytoskeleton, the actin cytoskeleton and the membrane
compartments to accomplish cytokinesis is one of the
most interesting problems in cell division.
Here we focus on recent developments in understanding
cytokinesis that highlight the roles of microtubules and
membranes during cleavage furrow contraction and the
completion of cytokinesis. We emphasize the interplay
between components of the cytoskeleton and cellular
membranes and the importance of these interactions for
the process of cytokinesis. We discuss the post-anaphase
roles of midzone and furrow microtubules during cytoki-
nesis, the function of microtubules in directing membrane
insertion at the furrow region, and the requirements for
vesicle fusion at the cleavage site.
Roles of microtubules in cytokinesis
Rearrangement of the microtubule cytoskeleton during
mitosis controls the segregation of the chromosomes, the
placement of the contractile ring and the completion of cell
cleavage. In animal cells, microtubule-dependent processes
in cytokinesis can be divided temporally into two parts.
Microtubules of the bipolar spindle dictate the position of
the cleavage plane midway between the two asters. Subse-
quently, microtubules of the spindle midzone promote
ingression of the cleavage furrow and the completion of
cytokinesis. To accomplish these tasks, microtubules must
interact with the cell cortex to mark the site for cleavage
furrow assembly and ultimately direct the assembly of actin
and myosin at the furrow region. Microtubules must also
communicate with the cell cortex and/or membrane to
stimulate the ingression of the cleavage furrow, and they
must assemble the midzone and midbody microtubule
structures required for the completion of cytokinesis.
Microtubules determine the cleavage plane
The importance of microtubules in cytokinesis has been
most closely studied in the context of cleavage plane
specification, where microtubules dictate the site of
cleavage furrow assembly (for a more comprehensive dis-
cussion of the problem of cleavage plane specification we
refer the reader to one of the many recent reviews on the
subject [1–7]). The importance of microtubules in
positioning the site of cell division was initially demon-
strated by chemical perturbation and micromanipulation
studies in sand dollar and sea urchin embryos ([8–12],
reviewed in [13]). These studies identified the mitotic
apparatus as the determinant of the cleavage plane and
demonstrated that cleavage furrow formation required only
a pair of properly separated asters. Moreover, the work of
Hiramoto [10] argued that, once the mitotic apparatus had
delineated the cleavage plane, the spindle and asters were
no longer required for the completion of cytokinesis.
In contrast to the studies based on manipulation of marine
embryos, the effects of micromanipulating spindles in
grasshopper neuroblasts showed that moving the spindle
could cause the furrow to regress and a new furrow to form
at the new site of the repositioned spindle [14].
Experiments in newt epithelial cells and grasshopper
neuroblasts, where the membrane and spindle midzone are
closely juxtaposed, argued that the midzone of the spindle
can also stimulate the formation of a cleavage furrow
[15,16]. In tissue culture cells, physical blocks placed
between the spindle midzone and the cortex were found to
inhibit furrowing if applied before anaphase [17], arguing
for a direct stimulus from the midzone to the cortex.
Collectively, these studies suggest that either the asters or
the spindle midzone is able to specify the site of division.
Midzone microtubule structures are important for furrow
ingression and completion
In addition to their function in furrow positioning,
microtubules have been shown in recent studies to be
important during furrow ingression and completion. The
late stages of cytokinesis appear to be dominated by con-
traction of the actomyosin ring at the cleavage furrow.
There is growing evidence, however, of interdependence
between microtubules at the midzone and the actin and
myosin network at the cortex.
We shall use the term central spindle or midzone to refer to
the region between the separated anaphase chromosomes
characterized by arrays of bundled microtubules (Figure 1).
As the cleavage furrow contracts, the compact micro-
tubule-containing structure known as the midbody is
formed (Figure 1). In tissue culture cells, midzone micro-
tubule bundles are required throughout cytokinesis for
proper furrow ingression and completion [18]. These
midzone microtubule bundles appear to form from the
interzonal microtubules of the mitotic apparatus, but they
can also polymerize de novo in cells that never contained a
bipolar spindle [19].
Studies that have been carried out in cultured cells, the
nematode Caenorhabditis elegans and the fruitfly Drosophila
highlight the role of the central spindle, the midzone
microtubules and the midbody in furrow ingression and
the completion of cytokinesis. Successful completion of
cytokinesis requires proteins of diverse classes that local-
ize to the central spindle. These proteins belong to four
classes: microtubule motor proteins, components of the
telophase disc, and two kinds of signaling molecules —
kinases and GTPases and their regulators. Furthermore,
regulators of actin polymerization at the cortex can also
influence the microtubules of the central spindle.
Motor proteins
Kinesins of the CHO1/MKLP1 and KLP3A families are
necessary for the formation of the midzone and the com-
pletion of cytokinesis. The CHO1/MKLP1 kinesin was
identified as a mitotic spindle protein that localized to the
spindle midzone and midbody following anaphase and
could slide antiparallel microtubules in vitro [20–22]. In
Drosophila mutants for the CHO1/MKLP1 homolog
Pavarotti, microtubules failed to bundle in the central
spindle and components of the contractile ring failed to
assemble, resulting in a cytokinesis failure [23]. The use of
RNA mediated interference (RNAi) to inhibit production
of the C. elegans CHO1/MKLP1 homolog, known as ZEN-4
or CeMKLP1, also resulted in failed cytokinesis. The con-
tractile ring was assembled correctly and furrow ingression
was initiated, but midzone microtubule bundles were dis-
rupted and the cleavage furrow regressed [24,25]. 
The Drosophila chromokinesin-related KLP3A protein is
also localized to the central spindle and midbody and is
required for cytokinesis. Drosophila mutants for KLP3A
exhibited a loss of the central spindle and no furrow
formation, despite a seemingly normal mitosis [26]. The
KLP3A mutant flies can, however, mature to adulthood,
unlike the pavarotti mutants, which die as embryos. These
differences may reflect overlapping functions for these
kinesins in different stages of development or in different
cell types. Alternatively, the differences in phenotype
may reflect different functional roles for these kinesins.
Kinesins at the midbody are likely to perform several
different roles during cytokinesis. They may be required
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to stabilize the microtubule bundles that are necessary for
proper furrow ingression and completion, as suggested by
the work on the CHO1/MKLP1 class of kinesins. Alterna-
tively, kinesins might be responsible for the microtubule-
dependent transport of components essential for the
ingression of the furrow and completion of cytokinesis.
Other microtubule motor proteins, including the minus-
end-directed motor protein dynein, the chromokinesin
XKLP1, and the kinetochore-associated kinesin CENP-E
reside at the midbody after anaphase, but have not been
shown to be directly involved in cytokinesis [27–30].
Chromosomal passenger proteins
The second group of midzone-associated proteins are the
telophase disc proteins: the inner centromere protein
(INCENP) and the telophase disc antigen (TD-60).
These proteins were initially characterized by their
unique property of relocalting from chromatin to the
central spindle at anaphase [31,32]. Artificially tethering
the INCENP protein to the kinetochore, or the produc-
tion of mutant versions of INCENP, caused a failure in
cytokinesis. In tissue culture cells containing mutant
INCENP proteins, furrows formed but regressed [33,34].
Examination of the midzone microtubules in INCENP-
disrupted cells revealed a lack of microtubule bundling.
Further support for the importance of the midzone
microtubule bundles has come from observations on fused
cells containing two mitotic spindles. In these cells, cleav-
age furrows were seen to form, not only between the
normal mitotic spindles, but also between spindle poles
that were not connected by a spindle or intervening chro-
matin. In these ectopic furrows, the INCENP protein
localized to midzone microtubules [30,34]. Cells that were
unable to cleave failed to assemble robust microtubule
bundles and lacked INCENP and the kinesin CHO1 in
the midzone. Cells that completed cytokinesis formed
strong microtubule bundles containing INCENP and
CHO1, eventually resulting in the production of a
midbody [30]. It is unclear, however, whether the
telophase disc proteins are directly involved in micro-
tubule bundling at the midzone. The TD-60 antigen has
yet to be cloned and although INCENP associates with
microtubules it is not known whether it can function as a
microtubule-bundling protein.
Midzone kinases
The first group of signaling molecules important for the
assembly and maintenance of the central spindle and
midbody are the kinases of the Polo and Aim-1 families.
The Polo kinase has been shown to be required for the
proper execution of cytokinesis in yeast and Drosophila
[35,36]. Polo localizes to the spindle midzone at anaphase,
and is thought to bind and phosphorylate the kinesin
CHO1/MLKP1 [37]. In polo mutants, CHO1/MKLP1
localization and central spindle formation were disrupted,
and, conversely, pavarotti mutants failed to properly
recruit Polo kinase to the midzone [23,36]. Another
midzone kinase, Aim-1, was identified as a homologue of
the Aurora/Ipl1 family of kinases that regulate chromosome
Figure 1
Changes in microtubule organization after
anaphase. The central spindle and midbody
form after segregation of chromosomes at
anaphase. Microtubule bundles form in the
space between the separated chromosomes.
Components of the central spindle begin to
assemble in the midzone (left inset). As
cytokinesis proceeds, the compact midbody
structure is formed containing proteins
required for the completion of cytokinesis
(right inset). (Adapted from [90].)
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segregation in yeast [38]. Aim-1 behaved as a so-called
‘chromosomal passenger’ protein and relocalized to the
telophase disc at anaphase [39]. Kinase-inactivating muta-
tions in Aim-1 blocked cytokinesis but did not affect chro-
mosome segregation or anaphase spindle elongation [40].
RNAi of the C. elegans Aim-1 homolog AIR-2 resulted in
normal cleavage furrow formation, as assayed by actin and
myosin staining, but the furrows regressed and did not
complete cytokinesis [41]. As in the Polo kinase mutants,
the CHO1/MKLP1 kinesin did not properly localize to the
midzone in AIR-2-deficient cells.
Taken together, these results suggest that the Polo and
Aim-1/AIR-2 kinases are important for ensuring the correct
assembly of the midzone and midbody microtubule
complex and completion of cytokinesis. These kinases
may modify substrates, such as CHO1/MKLP1 or other
midzone proteins, to promote the assembly of the midzone
through microtubule crosslinking or transport of factors
required to stabilize the midzone. Alternatively, they may
have other roles in signaling changes in the actomyosin
network near the midzone or controlling membrane
dynamics to ensure the completion phase of cytokinesis.
GTPases
The second group of signaling molecules implicated in
cytokinesis are the small GTPases of the Rho, Rac and
Cdc42 families. Regulators of GTPase activity, as well as
the GTPases themselves, have been found to localize to
the contractile ring, direct actin polymerization at the
cortex and mediate signaling between the cytoskeleton
and the membrane (reviewed in [42]). Recently, it has
been shown that a GTPases-activating protein (GAP)
involved in cytokinesis is also critical for the structure of
midzone microtubules and itself resides at the midbody
[43]. The temperature-sensitive cyk4 mutation in C. elegans
causes furrow regression and a failure in central spindle
formation. Though the cyk4 gene encodes a promiscuous
GAP, it is thought that Cyk4 may act as a cytokinesis-spe-
cific GAP for RhoA, as the elimination of only RhoA by
RNAi caused a significant cytokinesis defect [43].
Rho GTPases translocate to the cleavage furrow in many
organisms, and are thought to regulate actin filament
organization [44–46]. Possible downstream effectors of Rho
are formin homology (FH) domain-containing proteins,
such as C. elegans Cyk1. The phenotype of a cyk1 mutant is
very similar to that caused by Rho inhibition: furrow ingres-
sion occurs but there is a failure in completion of cytokine-
sis [47]. Formins are thought to bind the actin regulator
profilin through their FH1 domains [48,49], and disruption
of formins has been found to cause cytokinesis defects in
cultured cells, budding yeast, fission yeast and Drosophila
[50–53]. It is tempting to speculate that GAP activity at the
midzone can activate GTPases in the advancing furrow to
stimulate ingression and ensure completion of cytokinesis.
Coordinating events at the midzone and
cleavage furrow
Three recent papers [54–56] explore the functional roles
of the telophase disc proteins, the kinases and the
microtubule motor proteins of the central spindle, and
allow us to develop an integrated model of events at the
midzone. One important aspect of these studies is the link
they have established between the two midzone compo-
nents INCENP and the aurora kinase Aim-1/AIR-2. In two
of the studies [54,55], immunoprecipitates of the INCENP
protein from Xenopus laevis egg extracts or from HeLa cell
extracts were found to contain the kinase Aim-1/AIR-2.
Furthermore, recombinant INCENP and Aim-1 were able
to associate in vitro, demonstrating a direct interaction
between these two midzone components [54,55]. 
Closer inspection of the INCENP protein revealed that it
is homologous to the yeast protein Sli15. Sli15 was
originally identified genetically as a suppressor of a
mutation in Ipl1, the Aim-1/aurora kinase homolog in
budding yeast; furthermore, like INCENP and Aim-1,
Sli15 and Ipl1 had earlier been found to bind one another
both in vivo and in vitro [57]. RNAi of INCENP in
C. elegans caused regression of the cleavage furrow and
defects in chromosome segregation [55] that were indistin-
guishable from phenotypes of AIR-2-depleted embryos
[55]. The failure of chromosome segregation in the
INCENP-depleted embryos is reminiscent of segregation
defects caused by expression of mutant forms of INCENP
in tissue culture cells: in both cultured cells containing
mutant INCENP [54], and C. elegans embryos depleted of
INCENP [55], Aim-1/AIR-2 fails to properly localize to
the midzone and cytokinesis fails.
Two additional papers [58,59] suggest that the BIR-1
protein of C. elegans, and its vertebrate homolog survivin,
are involved in regulating the structure and assembly of
the microtubule midzone. The phenotype of BIR-1
inhibition was indistinguishable from that of AIR-2
inhibition, and BIR-1 inhibition also disrupted localization
of AIR-2 protein to the chromosomes and midzone [58].
Like INCENP and Aim-1/AIR-2, both survivin and BIR-1
localize to chromatin prior to anaphase, and to the
midzone after anaphase, and survivin null mutant mice are
phenotypically similar to mice lacking INCENP [59].
The relationship between the INCENP–Aim-1/AIR-2
complex and the ZEN-4/CHO1/MKLP1 microtubule
motor protein was investigated through mutant studies in
C. elegans [56]. In temperature-sensitive mutants for either
ZEN-4 or AIR-2, furrow ingression failed to initiate at the
non-permissive temperature but cytokinesis was not com-
pleted and the furrow regressed. In the zen-4 mutant,
ZEN-4 failed to associate with the midzone and no central
spindle formed. In the temperature-sensitive air-2
mutant, at the non-permissive temperature the cleavage
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furrow regressed and  the central spindle was disorga-
nized, very similar to the effect of AIR-2 depletion by
RNAi. Elegant temperature-shift experiments showed
that AIR-2 function was required at metaphase or early
anaphase, and was subsequently dispensable. In contrast,
ZEN-4 activity was not required until after anaphase, and
was necessary through interphase to ensure abscission. In
embryos depleted for AIR-2 by temperature shift or
RNAi, ZEN-4 does not properly localize to the midzone
[41,56]. AIR-2 is thus required early in mitosis to ensure
proper placement of ZEN-4.
The observations on INCENP, Aim-1/AIR-2 and ZEN-4
lead to a model for the way chromosome segregation is
coordinated with assembly of the midzone and completion
of cytokinesis. The INCENP–Aim-1/AIR-2 complex is
clearly required for chromosome segregation. One likely
model is that INCENP targets Aim-1/AIR-2 to the
chromosome, perhaps through its demonstrated inter-
action with heterochromatin protein 1 [60]. The transition
into anaphase might release the INCENP–Aim-1/AIR-2
complex from chromatin, whereupon it can associate with
the midzone of the spindle. At the spindle midzone, Aim-
1/AIR-2 then acts to ensure the correct localization of
ZEN-4 to the midzone microtubule bundles, which is
required for cytokinesis to proceed to completion. The
zen-4, air-2 double mutant is still able to undergo furrow
ingression, but double mutants combining either zen-4 or
air-2 with the cyk1 mutation mentioned above completely
fail to undergo furrow contraction [56].
Robust ingression of the furrow thus requires both
proteins at the spindle midzone and proteins of the cell
cortex. One possibility is that the primary role of the
INCENP–Aim-1/AIR-2–ZEN4 pathway in cytokinesis is
to ensure proper assembly of the central spindle and
midzone, so that the furrow can proceed to completion.
Coupling the process of chromosome segregation to the
process of midzone formation guarantees that cytokinesis
is coordinated with chromosome segregation.
The idea that there is an interaction between the central
spindle and the cortex is emerging from studies with
Drosophila (reviewed in [61]). Mutations in Drosophila that
affect the central spindle appear to have a dramatic influ-
ence on the contractile ring. As mentioned above,
mutations that affect the central spindle, such as those of
KLP3A or pavarotti, also disrupt contractile ring formation
and cytokinesis [23,26]. Unlike the case with many other
eukaryotic cells, it is now evident that in Drosophila cells
disruption of the contractile ring can also cause a loss of
the central spindle. The Drosophila profilin mutant
chickadee is unable to undergo cytokinesis. Examination of
spermatids produced by the chickadee mutant showed that,
not only was the contractile ring unable to form, but the
central spindle was absent. The same was true for mutants
of the formin homology protein Diaphanous. Disruption
of the actin cytoskeleton with cytochalasin D also elimi-
nated the central spindle [62]. These results with
Drosophila are supported by observations in tissue culture
cells, where disruption of filamentous (F) actin with
cytochalasin B caused abnormalities in some anaphase and
telophase central spindles [63]. These results suggest that,
not only does the central spindle affect the structure of the
contractile ring, but the contractile ring can influence the
structure of the central spindle.
In summary, an extraordinary interplay exists between
post-anaphase microtubule arrays and the contraction of
the cleavage furrow and the completion of cytokinesis.
Midzone microtubule and midbody structures containing
structural and signaling elements are assembled after the
segregation of chromosomes. These structures affect the
location of the division site and progression through cytoki-
nesis. A more detailed understanding of cytokinesis will
require better knowledge of the microtubule complexes
assembled at the midzone and midbody, the signaling
pathways between the spindle midzone and the cell cortex,
and the pathways that signal from the actin structures at
the membrane back to the microtubules of the spindle.
Microtubules and membranes
The final accomplishment of cytokinesis is to create two
new membrane compartments surrounding the cytoplasm
and nuclei of the newly formed daughter cells. This
requires an interaction between the contractile apparatus
and the plasma membrane to constrict the cell. The
redistribution of membrane to the site of cleavage is
required for cytokinesis. During cytokinesis, membranes
must be transported to the cleavage furrow. Once properly
relocated to the cleavage furrow, membrane vesicles must
fuse with the existing plasma membrane or microvilli
must be resorbed to create new surface area for cleavage.
The furrow microtubule array and membrane insertion
During cleavage of the Xenopus embryo, new membrane is
assembled near the site of the ingressing furrow. The
early ultrastructural and particle-marking studies of
Bluemink and deLaat [64] on cleaving Xenopus embryos
suggested that the cleavage furrow membrane does not
grow at the expense of the existing embryo membrane,
but is newly formed. Radioiodination of cleaving Xenopus
embryos demonstrated that the furrow is formed by the
insertion of new membrane. This new membrane is added
to the walls of the furrow near, but not at, the leading edge
[65] and is thought to arise from Golgi-derived vesicles
that fuse with the ingressing furrow [66].
How are membrane vesicles directed to the site of
cleavage furrow ingression? The recent discovery of a
microtubule structure called the furrow microtubule array
(FMA) required for embryonic cytokinesis highlights a
R764 Current Biology Vol 10 No 20
role for microtubules in membrane deposition [67].
Depolymerization of microtubules after the initiation of
embryo cleavage in Xenopus blocked the completion of
division [68]. Examination of tubulin localization in cleav-
ing Xenopus embryos revealed a previously unappreciated
parallel array of microtubules at the base of the cleavage
furrow (Figure 2). These microtubules appeared to form
from midzone microtubule bundles as the furrow con-
tracted. After microtubule depolymerization, however, the
FMA microtubules regrew more quickly than astral or
spindle microtubules. 
Treatment of embryos with cytochalasin D did not disrupt
the localization of FMA microtubules or the insertion of
new membrane, but did block furrow ingression [67]. This
is reminiscent of the effect of injecting embryos with the
Rho GTPase inhibitor, C3 transferase, which resulted in
defects in actin assembly and furrowing, but not in the
addition of new membrane [46]. Depolymerization of
microtubules in the embryo blocked new membrane
addition in the furrow and resulted in furrow regression.
Cold-shock disruption of the FMA caused rupture of the
embryo along the cleavage plane, and this rupture could
be blocked by simultaneous treatment with cytochalasin B
[67]. These results argue that the FMA is required for
membrane addition at the cleavage furrow in the early
embryo, and that without addition of new membrane the
Xenopus embryo is unable to cleave because of insufficient
surface area. Furthermore, the FMA has also been
observed in the sea urchin, where treatment of embryos
with nocodazole or colchicine blocked cleavage at the late
stage of abscission [69].
In zebrafish embryos, a prominent FMA associates with
the furrow in dividing blastomeres. Treatment of these
embryos with nocodazole also blocked the addition of new
membrane, as assayed by staining for β-catenin. Further-
more, labeling of membranes in the dividing zebrafish
embryo showed that membrane clustering occurs at the
site of the furrow, and this was dispersed upon microtubule
depolymerization [70]. A zebrafish mutant, nebel, has now
been identified with defects in both the FMA and the
process of membrane addition at the furrow [71]. The nebel
mutant failed in both ingression and abscission during
cytokinesis, a phenotype similar to the effects of micro-
tubule disruption. Staining of nebel embryos for tubulin
showed a normal mitotic spindle and asters, but a reduced
FMA. Membrane insertion in nebel embryos was also defec-
tive, as assayed by β-catenin or concanavalin A staining.
It seems likely that microtubule-dependent transport of
membrane components to the cleavage furrow is important
for cleavage. Although the product of the nebel gene is not
yet known, examination of other aspects of the nebel mutant
phenotype suggests that the nebel gene product is involve-
ment in microtubule-based transport. Zebrafish, like a
number of other organisms, contain a specialized region of
embryonic cytoplasm called the germ plasm, which is
required for proper differentiation of germ cells. Germ
plasm organization in Xenopus embryos is dependent on
microtubules [72]. In either microtubule-disrupted or nebel
mutant zebrafish embryos the germ plasm and an RNA
component of the germ plasm, vasa RNA, are both mislo-
calized. One attractive candidate for the product of the nebel
gene would be a microtubule-dependent motor protein.
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Figure 2
The furrow microtubule array (FMA) directs
the insertion of membrane into the cleavage
furrow. At the top is shown a schematic
illustration of the FMA. At the bottom are
images of FMA and midzone microtubules in
the Xenopus embryo (reproduced from [65]).
Microtubules of the FMA are distinct from the
midzone microtuble bundles.
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The kinesin Xklp1 is known to be important for germ
plasm organization and localizes to the midbody during
cytokinesis [73]; it is unclear, however, whether Xklp1 is
directly involved in cytokinesis in Xenopus embryos.
If microtubule-dependent transport is important for the
completion of cytokinesis, then the polarity of the micro-
tubules in the midbody and the FMA becomes an impor-
tant consideration. Immunogold staining of the midbody
with antibodies against γ-tubulin suggests that the plus
ends of the microtubules are located in the center of the
midbody and the minus ends at the periphery [74].
Furthermore, inhibition of γ-tubulin during mitosis results
in disorganization of the midbody and a block to the
completion of cytokinesis [74,75]. The observation that
FMA microtubules can polymerize before the astral micro-
tubules polymerize suggests that there is a microtubule
nucleating center near the furrow, but it is unclear
whether that center is at the base of the furrow or distal to
the furrow. Both plus-end-directed and minus-end-
directed microtubule motors localize to the midbody
region. Thus it is necessary to determine the polarity of
microtubules involved in membrane addition and the
completion of cytokinesis, and the nature of the motor
proteins that use those microtubules.
How are the FMA microtubules related to the midzone
and midbody microtubules in other systems? It is
tempting to speculate that the FMA microtubules arose as
an adaptation for embryonic systems that require rela-
tively more membrane insertion than somatic cells, where
the demands for membrane addition are less. The
midzone and midbody microtubules may be sufficient to
direct membrane insertion into somatic cell cleavage
furrows, whereas in large embryos, the mitotic spindle is
often far removed from the site of furrowing, necessitating
independent microtubule systems. In agreement with
such a model, once the Xenopus embryo reaches the mid-
blastula transition, where the nuclear to cytoplasmic ratio
is closer to that of a somatic cell, the FMA disappears and
is replaced with a conventional midbody [67].
Vesicle fusion and cytokinesis
Once vesicles have been transported to the cleavage
furrow they must fuse with the plasma membrane at the
furrow. These fusion events must be constrained to the
cell regions that require the addition of new membrane
and must be coordinated with the ingressing furrow.
Genetic studies carried out  in the plant Arabidopsis, the
fly Drosophila and the worm C. elegans have revealed the
importance of membrane fusion in cytokinesis.
Plant cells accomplish cytokinesis, not by contracting an
actomyosin ring, but rather by assembling membrane at
the midline of the cell. Plant cytokinesis begins with the
transport of Golgi-derived vesicles to the center of the cell.
A structure called the phragmoplast is assembled at the
division plane, consisting of a set of interdigitating micro-
tubules and sets of actin filaments. Vesicles are trans-
ported toward the plus ends of phragmoplast microtubules
at the center of the cell, where they fuse into a membra-
nous network called the cell plate. Eventually the fused
vesicles form a membrane barrier between cells, followed
by assembly of the new cell wall. The first molecular link
between membrane fusion and cytokinesis came from the
study of the Arabidopsis mutant knolle, which has multinu-
cleate cells as a result of failed cell-plate and cross-wall
synthesis [76]. This is reminiscent of the failure of cytoki-
nesis caused by microtubule depolymerization [77].
Cloning of the KNOLLE gene revealed that it encodes a
syntaxin, a member of the t-SNARE family of proteins.
SNAREs are proteins required for vesicle fusion in
eukaryotes, and can be divided into two classes: t-
SNAREs, which reside on target membranes, and v-
SNAREs on vesicle membranes. Specific binding
between a t-SNARE and a v-SNARE mediates fusion of
the vesicle and target membranes, a process that has been
best characterized in the case of ER-to-Golgi and Golgi-
to-plasma membrane transport (reviewed in [78,79]).
Staining with antibodies against the KNOLLE protein
showed that it resides at the midline of the cell during
cytokinesis. Furthermore, the dynamin-like protein
ADL1, which is transported to the midline by vesicle
transport, was found to be localized normally in knolle
mutant plants. Electron microscopic observation of the
knolle cells showed vesicle accumulation at the phragmo-
plast; thus, transport of vesicles along microtubules to the
site of cytokinesis was normal in the mutant cells, but the
fusion of these vesicles with their target membranes was
defective [80]. Recent evidence has shown that the
uncloned Arabidopsis gene KEULE is also involved in
vesicle fusion, and that knolle and keule mutations interact
in double mutant plants [81]. Thus, KEULE might
encode a v-SNRARE or other protein involved in vesicle
fusion and the process of cell-plate formation.
Syntaxin-mediated fusion of vesicles to the plasma
membrane is also required for cytokinesis in Drosophila and
C. elegans. The Drosophila embryo undergoes 13 syncytial
nuclear cycles prior to cellularization. During cycle 14,
membrane invagination and constriction isolates nuclei,
converting the syncytial blastoderm into a multicellular
embryo. The process of cellularization requires the inser-
tion of large amounts of new membrane into the plasma
membrane to provide surface area for the invaginating cel-
lularization furrows ([82], reviewed in [83]). Syntaxin1 in
Drosophila appears in the early embryo before the develop-
ment of the nervous system. Immunostaining with antibod-
ies to Drosophila syntaxin1 showed that it localizes to the
membrane of the cellularization furrow. Syntaxin1 mutant
flies exhibit no obvious phenotype until cycle 13, but they
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show a dramatic failure of cellularization in the next cycle.
The cellularization front in syntaxin mutants completely
fails to ingress, suggesting that little or no membrane inser-
tion occurs at the sites of cellularization [84].
The ability to deplete the C. elegans embryo of syntaxins
by RNAi allowed a direct test of their role in embryonic
cytokinesis [85]. The complete genome of C. elegans
revealed eight genes encoding syntaxin-related proteins,
the product of each of which was separately depleted in
the developing embryo. Depletion of two of the eight
syntaxins resulted in embryonic lethality, but in only one
case, the syntaxin1 homolog Syn-4, was depletion found to
cause cells to become multinucleate. Time-lapse
microscopy of inhibited embryos revealed two major
defects. First, nuclear envelope reformation was impaired,
such that two nuclei were often formed in a blastomere.
Second, cleavage furrows either ingressed but did not
complete cytokinesis and regressed, or they failed to
ingress. Another defect indicative of a failure to complete
cytokinesis was the resorption of the polar body into the
embryo. Staining for the Syn-4 protein in the early embryo
showed that it localizes to the cleavage furrow and remains
associated with the region of the plasma membrane left
during furrow ingression [85].
The discovery of a link between syntaxins, exocytosis and
the septin complex may be important for understanding
cytokinesis. The septins are a highly conserved group of
GTP-binding proteins first identified by the cell-cycle
defects their mutations cause in budding yeast. Analysis of
septins in Drosophila, yeast and tissue-culture cells showed
that they localize to the contractile ring and that they are
required for the completion of cytokinesis. Septins show
actin-dependent localization with stress fibers during
interphase and with the contractile ring during cytokinesis
(reviewed in [86]). The discovery that septins can interact
with the Sec6/8 or exocyst complex implicates them in the
process of membrane targeting.
The exocyst is a complex of at least seven subunits that is
required for proper function of the secretory pathway. It is
thought that the exocyst complex targets vesicles to
specific sites on the plasma membrane [87]. Immunopre-
cipitation of the exocyst from rat brain revealed four
associated proteins, three of which were identified as
septin proteins [88]. A second link in this pathway may be
through specific interaction of the septin complex with
the syntaxins. Isolation of synaptosomes revealed that the
septin CDCrel-1 associates specifically with synaptic
vesicles. When tested by co-immunoprecipitation, both
CDCrel-1 and the septin Nedd5 were found to associate
with these synaptic vesicles, along with the t-SNARE
syntaxin1A. The interaction between septins and
syntaxin1A appeared, on the basis of in vitro binding of
the GST-fusion proteins, to be direct. The effects of
expressing wild-type and mutant forms of CDCrel-1 in
transfected cells indicate that wild-type septins inhibit the
process of exocytosis [89].
How do the syntaxins, septins and the exocyst complex
regulate cytokinesis? One possible model is that the
exocyst complex directs vesicles to the site of membrane
fusion at the cleavage furrow (Figure 3). The septins may
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Figure 3
A model for regulated transport and fusion of
membrane vesicles at the cleavage site.
Microtubule motors participate in transport of
vesicles to furrow region. Vesicles associated
with the exocyst complex and v-SNARES are
targeted to plasma membrane of furrow.
Septins at furrow region and t-SNARES
ensure correct insertion of vesicles into the
plasma membrane near the site of furrow
invagination.
Vesicle
Exocyst complex
v-SNARE
t-SNARE/syntaxin
Microtubule motor
Microtubule
Actin filament
Septin filament
Cleavage furrow
Midtone microtubule bundle
FMA
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act during cytokinesis to target membrane insertion to the
furrow, or they may link the cytoskeletal elements of the
cleavage furrow with the membrane components. Once
the vesicles required for the completion of cytokinesis
reach the site of constriction, their ultimate fusion with
the plasma membrane is controlled by the syntaxins on
the plasma membrane (Figure 3). There is little evidence
from mutation or inhibition studies for the involvement of
the exocyst complex in cytokinesis, although this may be
due to the more severe effects of exocyst mutants on the
process of secretion. 
The exact role of the septin complex in the process of
membrane insertion is still unclear. The inhibition of
exocytosis by expression of wild-type septins argues for an
inhibitory role in the completion of cytokinesis, or at least
a regulatory role to confine the area of membrane insertion
to the correct location (Figure 3). Furthermore, mutations
in v-SNAREs or other fusion proteins that affect cytokine-
sis have yet to be characterized.
Summary
Dissecting the processes required for the completion of
cytokinesis is a challenging endeavor. In addition to their
role in positioning the site of division, microtubules are
critical for the proper completion of cytokinesis. The
construction of the spindle midzone and the midbody
microtubule structures requires the coordinated activities
of many proteins with diverse functions. Defects in
components of the midzone and midbody cause failures in
cleavage furrow ingression or the completion of cytokine-
sis. Microtubule-dependent transport of vesicles to the
site of cytokinesis is clearly required in embryonic, plant
and somatic systems. Finally, regulated insertion of mem-
brane vesicles at the site of cytokinesis is necessary for
both furrow ingression and abscission.
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